It is sometimes desirable to attenuate the intense glare of a bright coherent beam of light to enhance the detection of an incoherent background signal or a weak nearly collinear source. For example, forward-scattered radiation occurs in many optical systems, but its detection is often diff icult. Sources adjacent to bright bodies are often obscured in dazzling starlight. An optical vortex phase mask provides a means with which one can discriminate between two sources by forming a dark core within bright beams. In effect this core opens a window, allowing one to examine signals from other sources of light. By using this scheme one is able to enhance the discrimination between two signals by orders of magnitude.
Vortices, or phase defects, often occur in coherent radiation, e.g., in cylindrically guided waves. 1 Laguerre -Gaussian laser beams, 2 scattered light, 3, 4 optical caustics, 5, 6 and optical vortex solitons. 7, 8 In cylindrical coordinates a field propagating in the z direction and containing a single vortex has a simple form:
E͑r, f, z; t͒ A͑r, z͒exp͑imf͒exp͓i͑vt 2 kz͔͒ , (1) where A is a circularly symmetric amplitude function, v and k 2p͞l are, respectively, the frequency and the wave number of the monochromatic f ield of wavelength l, and m is the topological charge (a signed nonzero integer). Total destructive interference occurs at r 0, and thus A͑r 0, z͒ 0 for all values of z. 9 In the spatial f iltering scheme proposed in this Letter, a transmission phase mask is used to produce an optical vortex. One means of creating the mask is to etch 10 a substrate material with refractive index n 0 to depth Dd ͓͑mlf͒͞2p͑n 0 2 1͔͒. The mask will resemble a single revolution about a spiral staircase, and the transmission of a planar wave front will experience an azimuthally varying retardation with a maximum phase difference that corresponds to an integer number of wavelengths. Although the transmitted wave front will have a step discontinuity at f 0, the optical f ield will be everywhere harmonic and continuous, except at the origin, where the intensity must vanish.
An analytical expression for amplitude A in Eq. (1) may be found from the wave equation and boundary conditions. First we consider the case when a single light source is many focal lengths from a lens and the vortex mask is placed near a lens of focal length f and diameter D (see Fig. 1 ). Owing to the cylindrical symmetry of the optical system, the intensity in the focal plane (fp) of the lens may be described by use of Bessel functions. 11, 12 Analytic solutions to such problems are diff icult to interpret, and it is more convenient to compute the beam prof iles numerically. 13 Radial plots of the amplitude prof iles in the focal plane are shown in Fig. 2 for jmj 0 4. We can see that both the beam and the core sizes increase with increasing values of jmj. Moreover, the region in the vicinity of the core (where jAj varies as r jmj ) becomes darker as jmj increases. The case m 0 (the Airy disk) with a zero at r R diff 1.22lf ͞D is also graphed in Fig. 2 to demonstrate the relative shifts of the amplitude peaks:
Let us now address what is seen within the vortex core. If there are no other light sources we simply see the darkened core of the original beam. However, if other light sources exist, they may be detected within the core. In this fashion the vortex opens a window, allowing us to see a background f ield without the glare of the original field. Interferometric nulling is another technique for detecting a weak off-axis source by canceling the f ield. 14, 15 The effective aperture of this window depends on both the topological charge of the mask and the relative intensity of the two f ields. From a detection point of view, good discrimination of the signals through the aperture will be achieved if the transmitted power of the original source is less than of the second source.
First we determine the amount of power from the original beam that is transmitted through a circular aperture in the focal plane. The fraction of transmitted power is shown in Fig. 3 for m 0 4. As expected, the transmission through an aperture of any given size is reduced as the value of m increases. For example, when the aperture diameter is one quarter of the diameter of the Airy disk, R ap ͞R diff 0.25, the throughput power is reduced by a factor of Solid curves are drawn to aid the eye. m 0 corresponds to the Airy disk, which has a first minimum at r R diff . Dotted curves, least-squares fits to a power-law curve proportional to r jmj . dP ͞P tot 0.02 for m 1 and of dP͞P tot 10 27 when m 4. These are small values, even in comparison to the amount of light ͑ϳ26%͒ through the aperture when no vortex is present ͑m 0͒. In theory, one may achieve an arbitrary degree of rejection of the original beam by reducing the aperture size or increasing the topological charge of the phase mask. A least-squares fit suggests that near the core, where R ap ,, R diff , the fraction of power decreases as ͑R ap ͞R diff ͒ 1.4411.82m . Thus, if the throughput power ratio is known for some aperture size, it may be estimated for other sizes:
Next we consider how the second source field is affected by the vortex mask. If, on the one hand, this field is incoherent, the mask will have little effect on the focused beam prof ile, and the net power through the aperture will be the sum of the individual powers. In this case the signal detected from the background field is simply the integrated intensity across the aperture. Assuming that the aperture is centered on the optical axis, as depicted in Fig. 1 , the background signal will be a maximum when the source also lies along the optical axis ͑a 0͒. Using an jmj 4 vortex mask and a pinhole that is one fourth of the diameter of the Airy disk may reduce the glare of the primary source by a factor of 10 7 , as indicated in Fig. 3 . However, if the background light is transversely coherent, the mask will also produce a vortex in the corresponding focal spot of the background source. In addition, if the background is mutually coherent with the source, the two fields may interfere. For the sake of discussion we shall refer to the original beam as starlight and to the background beam as light ref lected from an orbiting planet. We assume that the two fields radiate from distance monochromatic point sources and that they subtend an angle a , , 1 in the xz plane at a lens of focal length f and diameter D, as shown in Fig. 1 . The f ield at the entrance pupil may be written as
where A s is the amplitude of the starlight, A p and F are the amplitude and the phase, respectively, of the planetary light, k jk p j jk s j 2p͞l is the wave number, l is the wavelength, and k x, p ഠ ka is the transverse wave number of the planetary light. We are interested in determining time-averaged intensities and therefore ignore the rapidly oscillating factor exp͓i͑vt 2 kz͔͒. When af ϳ R m , planetary light will shine within the core of the stellar vortex. Placing a pinhole at the location of the stellar vortex will permit the detection of planetary light without the glare of starlight. To demonstrate this, let us examine the net f ield in the focal plane of the lens, which is related to the Fourier transform of the field at the entrance pupil. Assuming a lossless vortex mask with a transmittance function G͑r, f͒ exp͑imf͒ yields a field in the focal plane that is proportional to
where FT is a two-dimensional Fourier integral over the area of the lens. If the phase, F, is independent of the transverse coordinates, we can see that the terms on the right-hand side of Eq. (4) are related by means of the sifting property of the Fourier transform, and
where j͑x, y͒ FT͕exp͑imf͖͒. The Fourier-transform operation leaves the vortex intact, such that j͑0, 0͒ 0.
11,12
Thus the core of the starlight vortex is located at the origin, (0,0), and that of the planetary light is displaced at point ͑ f a, 0͒.
The optimum planetary signal is expected to occur when af R m . For example, Fig. 4 shows the net intensity prof iles for m 1 4 that correspond to two distant point sources of equal luminosity subtending an angle a u diff 1.22l͞D. When the two f ields are mutually coherent [ Fig. 4(a) ], interference between the fields produces an elliptical focal spot that has an m number of composite vortices that are aligned along the bisector of the two beams. When the fields are mutually incoherent [ Fig. 4(b) ], the added intensities also produce an elliptical spot; however, composite vortices do not fully develop. The cross in each prof ile in Fig. 4 marks the location of the vortex core of the primary beam. When a pinhole is placed at this position, it is evident that a large signal (almost entirely from a secondary source) will be detected.
We determine the amount of discrimination afforded by the vortex mask by calculating the power transmitted through the focal-plane aperture for both sources. For example, consider the mutually incoherent case shown in Fig. 4(b) . The ratio of the transmitted beam powers, P p ͞P s , is plotted in Fig. 5 as a function of angular separation a for several values of the aperture size. As expected from Fig. 3 , a greater enhancement is found for larger values of topological charge m and for smaller values of the angular aperture size, u ap R ap ͞f . Note that u ap ͞u diff R ap ͞R diff . Furthermore, the integrations also confirm that the optimum performance occurs when a R m ͞f .
The significance of Fig. 5 may be understood by an example, such as this case: m 4 and u ap ͞u diff 0.19 at a͞u diff ഠ 1.7. We obtain this curve by assuming equally luminous sources. Under this condition, the transmitted power of the secondary beam is roughly 2 3 10 5 times larger than that of the primary beam. However, if the secondary source is 2 3 10 5 times less luminous than the primary source, the transmitted power of the two beams will be equal. In the latter case, the vortex detection scheme provides a means to see the faint signal that would otherwise have been obscured by the glare of the bright primary source. For example, the relative luminosity of a planet the size of Jupiter with an orbital radius of 1 astronomical unit about a distant star varies periodically with a maximum value that is roughly 10 27 times that of the star. We estimate 16 from Fig. 3 that this signal could be detected with an jmj 4 vortex mask and a pinhole that is one tenth of the diffraction-limited spot size. In conclusion, weak sources of on-axis incoherent radiation or off-axis coherent radiation can be detected when an optical vortex phase mask is used to eliminate the glare of a bright superimposed beam.
